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Abstract— Among the external manifestations of scoliosis, the 
rib hump, which is associated to the ribs’ deformities and 
rotations, constitutes for patients the most disturbing aspect of 
the scoliotic deformity. A personalized 3D model of the rib cage is 
important for a better evaluation of the deformity and thus, 
better treatment planning. A novel method for the 3D 
reconstruction of the rib cage, based only on two standard 
radiographs, is proposed in this article. For each rib, two points 
are extrapolated from the reconstructed spine, and three points 
are reconstructed by stereo radiography. The reconstruction is 
then refined using a surface approximation. The method was 
evaluated using clinical data of 13 patients with scoliosis. A 
comparison was conducted between the reconstructions obtained 
with the proposed method and those obtained using a previous 
reconstruction method based on two frontal radiographs. A first 
comparison criterion was the distances between the 
reconstructed ribs and the surface topography of the trunk, 
considered as the reference modality. The correlation between 
ribs axial rotation and back surface rotation was also evaluated. 
The proposed method successfully reconstructed the ribs of the 
6th to 12th thoracic levels. The evaluation results showed that the 
three dimensional configuration of the new rib reconstructions is 
more consistent with the surface topography and provides more 
accurate measurements of ribs axial rotation. 
 
Index Terms—3D reconstruction, Rib cage, X-rays, Surface 
topography. 
 
I. INTRODUCTION 
COLIOSIS is a three-dimensional deformity of the spine and 
the rib cage, leading to a general asymmetry of the trunk. 
The most frequent type of scoliosis, idiopathic scoliosis, has 
no specific identifiable cause. It is most commonly a condition 
 
Manuscript received February 28, 2009. This work was supported by the 
Natural Sciences and Engineering Research Council of Canada and 
MENTOR, a strategic training program of the Canadian Institutes of Health 
Research.  
L. Seoud is with Sainte-Justine Hospital Research Center and École 
Polytechnique de Montréal, Montreal, QC  H3C 3A7, Canada  (e-mail: 
lama.seoud@polymtl.ca).  
F. Cheriet is with Sainte-Justine Hospital Research Center and École 
Polytechnique de Montréal, Montreal, Canada. 
H. Labelle is with Sainte-Justine Hospital, Montreal, Canada. 
J. Dansereau is with Sainte-Justine Hospital Research Center and École 
Polytechnique de Montréal, Montreal, Canada. 
Copyright (c) 2008 IEEE. Personal use of this material is permitted. 
However, permission to use this material for any other purposes must be 
obtained from the IEEE by sending an email to pubs-permissions@ieee.org. 
of adolescence that progresses during the growth spurt. 
Among the adolescent population, the incidence of adolescent 
idiopathic scoliosis (AIS) is 4.5 per cent [1]. In the absence of 
treatment, it may lead to postural problems, and even cardiac 
or pulmonary complications.  
Usually, the evaluation of scoliosis relies on frontal and lateral 
radiographs, on which several 2D measurements are 
computed. Most importantly, the Cobb angle, defined as the 
angle between the end plates of the two most tilted vertebrae 
along the spinal curve [2], represents a scoliosis severity index 
when measured in the frontal plane. Nevertheless, in the past 
fifty years, many studies [3-5] have documented the three-
dimensional aspect of scoliosis and emphasized the 
importance of a 3D evaluation.  
Common 3D imaging modalities, such as magnetic 
resonance imaging (MRI) or computerized tomography (CT), 
are not suitable for the 3D evaluation of scoliosis, mainly 
because such images are usually acquired in the supine 
position and thus do not represent the natural posture of the 
spine. Furthermore, the MRI acquisition is time consuming, 
expensive and is not recommended for patients with surgical 
implants. As for the CT, the imaging of the whole trunk 
implies, for the patient, an important exposure to ionizing 
radiations, making it unsuitable for this kind of application. 
Thus, stereo-radiography is and remains the most frequently 
used technique for 3D reconstruction of the spine, the rib cage 
and the pelvis.  
Over the last three decades, a large number of studies have 
focused on the scoliotic three-dimensional deformity of the 
spine. Consequently, several stereoradiographic reconstruction 
techniques have been proposed [6-16], varying mainly in 
terms of calibration method, X-ray configuration, 
reconstruction primitives and algorithm. All these different 
techniques provide a 3D model of the spine, according to 
which several 3D clinical parameters are computed and used 
for diagnosis, follow-up or correction assessment of the spinal 
deformity. The geometric reconstruction can also be combined 
with mechanical properties of the vertebrae to build a 
biomechanical model of the spine that can be used, for 
example, in treatment simulations. 
Nevertheless, AIS is more than just a deformity of the 
spine. It also implies considerable changes to the rib cage 
three-dimensional configuration, mainly the axial rotation of 
the ribs to which is associated the rib hump. Considered as one 
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of the first visible symptoms of AIS [17-19], this protuberance 
appears on the back of the patient, most prominently while 
bending forward. Its measurement using a scoliometer (Fig. 1) 
has made it possible to implement school screening programs 
for early diagnosis of scoliosis [20]. Although the rib hump is 
a very disturbing aspect of the deformity for the patient [21], it 
is still weakly understood. In fact, the relationship between the 
spine and rib cage deformities is not yet clearly defined. Some 
studies have shown a correlation between ribs axial rotation 
and vertebrae axial rotation [5, 17, 22, 23], while no 
significant correlation has yet been found between the Cobb 
angle and the ribs axial rotation [17, 19, 22, 23]. Furthermore, 
since the rib cage deformity is not clearly understood, there 
are also problems in correcting the rib hump. The rib cage 
deformity often persists after spine surgery, and consequently 
patients are often still dissatisfied with their appearance [24]. 
Moreover, considering that there is still no generally accepted 
theory for the etiology of idiopathic scoliosis [25, 26], some 
researchers postulate that the rib cage deformity comes prior 
to the spine deformity in the pathogenesis of scoliosis [26-28]. 
Compared to the spine, fewer techniques for the 3D 
reconstruction of the rib cage have been reported in the 
literature. The first reported method [29] is based on two 
postero anterior radiographs of the trunk in the standing 
posture: PA and PA20. The use of those radiographs is 
justified by the good visibility of the ribs as opposed to the 
lateral view. The method requires an operator to manually 
identify 11 points along each rib midline in each radiograph. 
These points are then interpolated by cubic splines. Then, 60 
points are discretized along each spline. The DLT algorithm is 
then applied for the stereo matching of the points between the 
two radiographs and for the reconstruction of the points in 3D. 
This method has been subsequently improved by incorporating 
patient displacement between the two X-ray acquisitions [30]. 
However, the poor disparity between PA and PA20 leads to 
reconstruction errors, specifically in depth estimation [31]. In 
fact, an extensive in-vitro evaluation of the reconstructions of 
a cadaveric spine specimen demonstrated that the accuracy 
obtained with the PA-PA20 setup is 5.6 ± 4.5 mm, compared 
to 2.1 ± 1.5 mm in the case of the PA-LAT setup [31]. 
Moreover, in order to reconstruct in 3D both the spine and rib 
cage, three radiographs (PA, PA20 and LAT) are required. 
This increases the patient’s exposure to radiation and thus 
limits its clinical application. 
To overcome these problems, other methods based on the 
LAT and PA radiographs have been proposed [32-34]. 
However, the significant overlapping of the bony structures in 
the LAT view reduces the ribs’ visibility considerably. To 
compensate this lack of information, these methods make use 
of a priori 3D models of the ribs [32] or of the entire rib cage 
[33, 34]. These models are iteratively deformed until the 
optimal registration between the projection of the model and 
the X-ray image of the structures is reached. In two of these 
studies [32, 33], the models were obtained statistically using a 
database of ribs [32] or rib cages [33] reconstructed by the 
method in [29], of which we have previously shown the 
limitations. For the method in [34], the generic rib cage is 
obtained from a CT-scan reconstruction. Still, a single rib cage 
model cannot correctly approximate all the variety of scoliotic 
deformities. The accuracy of the method in [34] was then 
evaluated in vitro [35], by comparing 3D reconstructions 
obtained from 50 cadaveric ribs to the CT scan reconstructions 
of the same ribs. However, an in vitro study simplifies the 
problem related to structures deformability and patient’s 
motion due to breathing.  
In the objective of reconstructing the 3D geometry of 
scoliotic ribs, with special concerns for reducing patients’ 
exposure to radiation and obtaining more accurate 
reconstructions than in [29], we propose in this paper a new 
method for the 3D reconstruction of scoliotic ribs, based on 
two standard radiographs, namely the LAT and PA, and 
without an a priori 3D model. We also present an evaluation 
of the reconstructions obtained with the proposed method, in 
comparison to those obtained with the method in [29].  
The remainder of this manuscript is divided into five 
sections. Section II presents the method proposed for the 3D 
reconstruction of scoliotic ribs. Section III outlines the clinical 
experiments and the evaluation method. Then, some sample 
reconstructions are illustrated in section IV, as well as the 
evaluation results. The strengths and weaknesses of the 
proposed method and the associated evaluation experiments 
are discussed in section V. Finally, section VI provides a 
conclusion and states the perspectives and future work.  
II.  MATERIALS AND METHODS 
Our novel method for the three-dimensional reconstruction 
of scoliotic ribs is described in this section. The materials, 
acquisitions and pre-processing are presented in a first 
subsection. Subsection B outlines the 3D reconstruction of the 
rib insertion points. Subsections C and D describe respectively 
the identification of the ribs in the PA and LAT radiographs, 
and the reconstruction of three stereo corresponding points 
 
Fig. 1 - The rib hump appears on the back of the scoliotic patient while 
bending forward. The severity of the rib hump is measured using a 
scoliometer, a device that quantifies the height difference, in terms of an 
angle, between the right and left sides of the back. 
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along each rib. Finally, we present in the last subsection the 
method used to refine the reconstruction of the ribs. 
A. X-rays acquisition and 3D reconstruction of the spine 
The reconstruction method proposed in this paper relies 
only on a pair of standard radiographs, LAT and PA, of the 
whole trunk in upright position. As part of the standard 
clinical assessment of scoliosis, these X-rays are commonly 
acquired for patients attending the scoliosis clinic at Sainte-
Justine Hospital (SJH), Montreal, Canada, using a Fuji 
FCR7501S imaging system (Japan). A rotary platform allows 
the technician to bring the patient from the LAT to the PA 
position. A stabilization device composed of elbow supports 
and handlebars is used to prevent posture and position changes 
due to the patient’s involuntary movements during both 
acquisitions [36]. The technician adjusts the height of the 
elbow support so that the upper arms are angled down 
approximately 45°. For calibration purposes, the patient wears 
a jacket with 16 embedded radio-opaque markers during the 
acquisitions. The setup also includes an external planar plate 
that defines a global reference frame for the 3D 
reconstructions. 
The radiographs are then explicitly calibrated by means of a 
non-linear optimization process [7]. Next, according to the 
method in [8], 6 anatomical landmarks per vertebra are 
manually identified in each X-ray and reconstructed in 3D. 
These points constitute patient-specific information on the 
geometry of the vertebrae. Generic vertebral models are then 
adjusted to each set of 6 reconstructed points in order to 
complete the geometry [9]. Additionally, this adjustment 
process associates to each reconstructed vertebra a more 
complete set of anatomical landmarks. 
 
B. Extraction of rib insertion points 
According to rib cage anatomy [37], each rib from the first 
to the tenth thoracic levels (T1-T10) is articulated with the 
thoracic vertebra of the same level, in two points: the head of 
the rib and the tubercle. The head (Head) of the ith rib lies 
between the superior articular facet (SAF) of the body of ith 
thoracic vertebra and the inferior articular facet (IAF) of the 
body of the (i-1)th thoracic vertebra. The tubercle (Tub) of the 
ith rib is articulated to the articular facet of the transverse 
process (AFTP) of the ith thoracic vertebra (Fig 2).  
Based on this knowledge and using several anatomical 
landmarks on the reconstructed vertebrae, the midpoints on the 
head (H) and tubercle (T) of each rib are computed using the 
following equations: 
2)(
,,1, jijiji SAFIAFH += −      (1) 
jijiji ndcT ,,, .
r
+=         (2) 
with i and j corresponding respectively to the thoracic level 
(i=1, …, 10) and the side of the rib (j=1, 2 for left and right); 
ci,j is the centroid of the N landmarks constituting the AFTP, 
n
r
is the normal vector to the least squares plane that fits the N 
points and d is the average distance between c and T. This 
distance was fixed at 7.09 mm, based on measurements done 
with a coordinate measuring machine on 6 cadaveric ribs [38]. 
The atypical ribs of levels T11 and T12 are articulated to 
the spine only at their heads that are directly connected to the 
superior plates of the vertebrae of the same levels [37]: 
jiji SAFH ,, =          (3) 
with i and j again corresponding respectively to the thoracic 
level (i=11,12) and the side of the rib (j=1,2 for left and right).  
The projection of each extracted head and tubercle in the 
LAT and in the PA helps to locate each thoracic level in the 
radiographs. 
C. Identification of the rib midlines in the PA  
The next step of the reconstruction process consists in 
identifying all the rib midlines in the PA, since this X-ray 
makes it possible to clearly distinguish the ribs over their 
whole length. To this end, an experimented operator manually 
identifies 11 points on each rib midline, as in [29]. These 
 
Fig. 2 - Extraction of the head (black star) and tubercle (black square) of a 
typical rib. a) Anatomical representation of the costo-vertebral articulations 
(adapted from [39]). b) 3D complete model of the vertebrae (light gray), with 
the articular facets (dark gray), and the extracted insertion points (black) of the 
considered rib midline (black dashed line). 
 
 
Fig. 3 – On the left: rib midline identification in the PA: 11 points (white 
circles) are manually identified along the rib midline then a cubic spline is 
fitted along the 11 points. On the right, identification of rib points in the LAT: 
the two insertion points (white crosses) are projected in the LAT in order to 
locate the given thoracic level. Then, three points (white circles) are identified 
manually. The dashed lines represent the epipolar lines corresponding to the 
Lat and Ant points in the PA view. 
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points are then fitted by cubic splines and 60 points are 
sampled on each curve (Fig. 3). 
D. Identification of three rib points in the LAT and their 3D 
reconstruction 
 The overall rib reconstruction process consists in 
successively reconstructing the pairs of ribs (left and right), 
starting from the 12th thoracic level and moving upward, and 
considering as many visible ribs in the LAT as possible. In 
fact, the ribs’ visibility is much weaker in the LAT than in the 
PA. This is attributed to the considerable overlap of the bony 
structures through this X-ray incidence and to the positioning 
of the upper arms of the patient during the radiographic 
acquisitions. Therein, only 3 specific points on each rib 
midline need to be manually identified in this radiograph, as 
follows. 
1) Most posterior point: the first specific point to identify is 
the most posterior point (Post) of each rib; it is easily 
identified in the LAT. However, the principal difficulty at this 
step is to distinguish, at each thoracic level, the Post of the left 
rib from the one of the right rib. To simplify this task, 
knowledge of the spatial configuration of the rib hump is 
exploited. In fact, it is commonly assessed that the rib hump 
arises on the convex side of the lateral curvature of the spine 
[17]. Thus, by examining the curvature of the spine in the PA 
radiograph, the spinal curve is classified [39] and the rib hump 
configuration can then be determined. According to the level 
and the side of the rib hump, we can now label each Post (for 
the left and right ribs) of a given thoracic level. Indeed, the 
right-most of the two posterior points in the LAT image will 
correspond to the rib on the same side as the hump. To 
illustrate this, Fig. 4 presents typical cases of two different 
scoliosis types. For the double thoracic curve (on the right in 
Fig. 4), the PA radiograph reveals two major curves in the 
thoracic region: the first one between T1 and T7 is deviated to 
the left; the second one between T7 and T11 is deviated to the 
right. Thus, two rib humps arise: h1 appears on the left side of 
the patient between T1 and T7, and h2 appears on the right 
side between T7 and T11. In the LAT view, the most posterior 
points of each rib is identified manually (represented by stars 
in Fig. 4). As h1 is on the left side, the right-most stars 
between T1 and T7 (in white) thus correspond to the left ribs, 
while the left-most stars (in dark gray) correspond to the right 
ribs. Between T7 and T11, the sides are reversed because h2 is 
on the right side.  
Once the Post of a rib is identified in the LAT and correctly 
labeled, an algorithm automatically seeks its corresponding 
point in the PA, defined as the point of the given rib’s midline 
that is closest to the associated epipolar line. Once the stereo 
pair is found, the 3D position of the Post is determined by 
finding the intersection of the projection rays of the two image 
points. When the rays do not intersect, the midpoint of the 
smallest segment joining the two rays is considered. 
2) Anterior end and most Lateral point: the two other points 
 
Fig. 4 - Identification of the most posterior rib points in the LAT, for a right 
thoracic curve (on the top) and a double thoracic curve (at the bottom). 
 
 
Fig. 5 - Refining the reconstruction: Post, Lat and Ant are already 
reconstructed in 3D (black circles). A paraboloid is fitted to these points 
(multicolor surface). M points are discretized (white crosses) on the rib 
midline between the Post and the Ant in the PA view. The M projection rays 
(dashed black lines) intersect the paraboloid in M 3D points (black crosses). 
These 3D points, combined with the Head, Tub, Post, Lat, and Ant, constitute 
the reconstructed rib midline. 
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to identify in the LAT are the anterior end (Ant) and the most 
lateral point (Lat) of the rib. These are readily identifiable 
points in the PA: the lower end and the most lateral point of 
each midline curve. To help the operator to identify them in 
the LAT, the epipolar lines corresponding to the points in PA 
are displayed in the LAT successively for the left and right 
ribs of each thoracic level (Fig. 3). Once these points are 
manually selected in the LAT and matched with the 
corresponding points in the PA, their 3D positions are 
obtained by finding the intersections of the projection rays. 
The eleventh and the twelfth pairs are “floating” ribs [40]: 
their anterior ends are not connected to the rest of the rib cage 
and these ribs are shorter than the others. Consequently, the 
anterior end and the most lateral point of each of these ribs 
represent exactly the same point. Thus, only the Post and Ant 
points are digitized in the LAT and reconstructed in 3D. 
E.  Reconstruction refinement 
At this stage, five points have been reconstructed in 3D 
along the typical ribs (between levels T1 and T10). The 
following step consists in refining each rib by adding 
sufficient points in order to interpolate it by a 3D cubic spline 
representing the rib midline. To do so, a rib-specific 3D 
reference frame is built around the five previously 
reconstructed points, as follows: the reference frame is 
centered on the centroid of the last three reconstructed points 
(Post, Lat and Ant), the first axis (u-axis) is defined by the 
vector joining the Lat and the Ant points, the second axis (w-
axis) is defined as the normal vector to the least squared plane 
that fits the five reconstructed points (Head, Tub, Post, Lat and 
Ant), and the third axis (v-axis) is defined as the cross-product 
of u and w axis. In this reference frame, a paraboloid passing 
through the Post, Lat and Ant points is defined as: 
wcbuau =++2 .        (4) 
The rib midline is then constrained to fit within that surface. 
The choice of a paraboloid surface is justified by the parabolic 
shape of the ribs (from the Post to the Ant) in the LAT view. 
Still, the curvature of this surface along the w-axis is weak. In 
fact, while trying to characterize the global geometry of 
human ribs [41], it has been noted that the rib portion that goes 
from the angle (most posterior part) to the costochondral 
junction (anterior end) lies “substantially” in one plane, while 
the portion that goes from the head to the angle lies 
“substantially”  in another plane.  
Then, considering M points between the projections of the 
Post and the Ant along the rib midline in the PA, the algorithm 
seeks the intersections of the paraboloid with the M projection 
rays; M 3D points are thus obtained (Fig. 5). Finally, a cubic 
spline is fitted to all the reconstructed points: Head, Tub, Post, 
Lat, Ant and the M points. This spline represents the rib 
midline in 3D.  
For the floating ribs of level T11 and T12, because of their 
relatively smaller length, a cubic spline interpolation of the 
three reconstructed points (Head, Post and Ant), is sufficient 
to model their midlines. 
III. EVALUATION METHOD 
We will evaluate the reconstructions obtained by the 
proposed method (Rnew) by comparing them with the 
reconstructions obtained by the method used at SJH (Rold), 
based on [29]. The reference modality is the surface 
topography of the trunk, acquired using a totally non invasive 
technique. Two comparison criteria are proposed: the 
distances between the reconstructed ribs and the trunk surface 
topography, and the correlation between ribs axial rotation and 
back surface rotation. These criteria reflect how well the 
reconstructions are consistent with the surface topography of 
the trunk. 
A. Acquisition of the surface topography of the trunk 
Because Currently at SJH, the acquisition of the surface 
topography uses the InSpeck system [42]. It is composed of 
four optical digitizers placed around the patient who maintains 
the anatomical position with the arms in slight abduction by 
the side. This posture minimizes the occlusion of the digitizers 
field [43]. Each digitizer reconstructs the surface topography 
of one side of the trunk. Given a calibration matrix, the four 
reconstructed surfaces are registered together and merged to 
obtain the surface topography of the entire torso. In order to 
assess the accuracy of the trunk surface 3D reconstruction, 
repeated acquisitions of a mannequin were performed [44]. 
Thirty nine markers were fixed on its trunk and their 3D 
coordinates were measured with a coordinate measuring 
machine (CMM). They constituted the ground truth. The 
accuracy of the trunk surface reconstruction was of 1.1±0.9 
mm over the entire trunk surface. Moreover, repeated trunk 
surface acquisitions using the InSpeck system, for 49 scoliotic 
patients in two different postures, were carried out in order to 
assess the reliability of the extracted indices [43]. Several 
measurements including back surface rotation were computed 
on each patient’s reconstruction. The statistical analysis 
showed a fair to excellent reliability for the anatomical 
position and a back surface rotation typical measurement error 
of 1.4°.  
Thus, considering the accuracy and reliability of the trunk 
 
Fig. 6 - Description of the back surface rotation (BSR) and the ribs axial 
rotation (RAR) in an axial projection of the ribs of a given level and the 
corresponding section of the surface topography. BSR is the angle defined by 
the dual-tangent to the posterior part of the topography section and the iliac 
spines axis (ISA). RAR is the angle defined by the dual-tangent to the 
posterior part of the reconstructed ribs and the anterior superior iliac spines 
axis (ISA). 
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surface 3D reconstruction using the InSpeck system, and 
bearing in mind that this technique is totally non invasive, we 
believe that its use as a reference modality is appropriate for 
the evaluation of our rib cage 3D reconstruction technique. 
B. Clinical data 
A clinical study using real data from scoliotic patients 
attending the SJH scoliosis clinic was conducted. Included in 
our study were subjects who had their X-rays (PA, PA20 and 
LAT) and the surface topography acquired during the same 
consultation, and the rib cage previously reconstructed by the 
method in [29] (Rold). We selected the data of 13 adolescents 
with AIS who matched the inclusion criteria. Among this 
cohort, the average Cobb angle and the mean age recorded at 
the time of consultation were respectively 36° (±8°) and 12.7 
years (±1 year). 
The proposed reconstruction method was applied to each 
patient (Rnew). A single operator was in charge of the LAT 
digitization. For the purpose of comparison with Rold, the same 
11 points per rib, previously identified in the PA, were 
considered. 
C. Registration  
Since evaluation of the reconstructions is based on their 
consistency with the surface topography of the trunk, the first 
important step consists in registering the 3D reconstructions 
and the surface topography in the same reference frame. The 
reconstructed spine and rib cage are defined in a first reference 
frame, noted RRX, and the surface topography in a second 
reference frame, RTP. Approximately 15 to 20 radio-opaque 
markers are placed on the patient’s trunk before both 
acquisitions. Their distribution is as regular as possible in 
order to improve the registration precision. These markers 
constitute the only common information to both acquisitions. 
Visible in the radiographs, they are reconstructed in 3D in 
RRX; visible as well on the surface topography, their 3D 
positions in RTP are retrieved. 
As a first attempt, a rigid registration is carried out to merge 
the reconstructions together. However, the radiographic and 
topographic information are acquired at different times, in 
different rooms and with different patient postures. To take 
into account the patient’s displacement between both 
acquisitions, an elastic registration based on approximating 
thin-plate splines [45] is also performed. It consists in 
determining the mapping  that minimizes the following 
functional: 
( ) ( )uJpuq
n
uJ dm
n
i i
ii λ
σ
λ +
−
= ∑
=1
2
2
1)(     (5)  
The first term of this functional measures the sum of the 
quadratic Euclidean distances between the transformed 
landmarks  and the landmarks . Each distance is weighted 
by the variance  representing landmarks localization errors. 
For all the landmarks, the variance was fixed at 1.1 which 
corresponds to the accuracy of the trunk surface 
reconstruction. The second term in (4) measures the 
smoothness of the transformation. The relative weight 
between both the approximation and smoothness terms is set 
by the regularization parameter . Based on empirical tests, 
the regularization parameter is set to  in order to limit 
undesired distortions of the trunk surface. 
D. Distances between the ribs and the surface topography 
A first evaluation step consists in the 3D visualization of the 
complete trunk model of each patient: bony structures and 
registered surface topography (Rnew versus Rold). Then, in 
order to evaluate the distances between the reconstructed ribs 
and the external surface, the rib midlines are discretized at 
intervals of 2 mm. For each point, the minimal signed distance 
(noted d) between the current rib point and the nearest point 
on the surface topography is computed. A negative value of d 
indicates that the rib midline protrudes from the surface 
topography at some point. Moreover, the mean distances for 
each portion of the rib are evaluated: along the head and 
tubercle (P1), the posterior part (P2), the lateral part (P3) and 
the anterior part (P4). For the ribs of levels T11 and T12, we 
considered only parts P1 and P2, and for the ribs of level T10, 
only parts P1, P2 and P3 were considered. A Student’s t test is 
performed in order to test the null hypothesis that there is no 
difference between the means distances obtained for Rnew and 
Rold. 
E. Correlation between ribs axial rotation and back surface 
rotation 
Thereafter, the reconstructions Rnew and Rold are compared 
in terms of the correlation between the internal and external 
rib humps (Fig. 6). The internal rib hump is measured as the 
ribs axial rotation (RAR). Expressed in degrees, it is defined 
as the angle formed by the dual-tangent to the ribs of a given 
level and the axis passing through the anterior superior iliac 
spines (iliac spines axis or ISA), projected onto the axial 
plane. The external rib hump is measured as the back surface 
rotation (BSR). Also expressed in degrees, it is defined as the 
angle formed by the dual-tangent to the posterior side of each 
section of the trunk surface topography and the ISA, projected 
onto the axial plan. At each thoracic level, the trunk section is 
computed as the intersection of the surface topography with a 
tilted plane defined by the most posterior points of each rib of 
the thoracic level considered. Both measures are computed 
automatically without any operator intervention. 
For both Rnew and Rold, the correlations between the internal 
and external rib hump are quantified by the Pearson’s 
coefficient (R), using a linear regression analysis. The 
correlation is considered as statistically significant if p<0.01. 
The coefficients of determination are obtained by R2. The data 
dispersion around the trend line is quantified by the standard 
deviation of the residuals. 
IV. RESULTS 
Out of the whole cohort, a total of 164 ribs (82 pairs) were 
successfully reconstructed by the proposed method. The 
number of reconstructed ribs varies from one patient to 
another as well as between thoracic levels (Fig. 7). On 
average, 7 (±1) pairs of ribs were reconstructed per patient 
TBME-00210-2009.R2 
 
7
from levels T6 to T12, which constitutes the lower half of the 
rib cage. The upper half of the rib cage had poor visibility in 
the lateral radiographs. 
Fig. 8 presents a visual comparison in 3D between the rib 
midlines of a typical patient chosen from the cohort, obtained 
with the proposed method and the method in [29]. After 
registrating the surface topography and the reconstructed bony 
structures, a 3D model of the trunk is obtained, as in Fig. 9. In 
this figure, it can clearly be seen that several ribs from Rold 
protrude from the external surface of the trunk, while none of 
the Rnew ribs protrude. 
A. Distances between the ribs and the surface topography 
TABLE I summarizes the number of protruding ribs and the 
length of the protrusions, along each portion of the ribs: the 
head (P1), posterior (P2), lateral (P3) and anterior (P4) 
portions for both the rigid and elastic registration. A rib is 
protruding if at least one point along its length is at a negative 
distance d from the surface topography. The length of the 
protrusions is defined as the number of points per rib that are 
at a negative distance d from the surface topography, 
multiplied by the discretization step (2 mm). These results 
clearly demonstrate that the new reconstructions are less prone 
to lie outside the surface topography, especially when 
considering an elastic registration. When looking at the results 
for the anterior portion of the trunk, in both cases (P4 portions 
of Rnew and Rold) a decrease in the number of protrusions after 
applying an elastic registration can be noted. This interesting 
fact may be attributable to the ability of the elastic registration 
to compensate for the breathing movements of the anterior 
side of the trunk. 
Fig. 10 shows the average distances between the ribs and 
the surface topography, obtained on the whole cohort for each 
portion of the ribs and all over their length (Total). On 
average, when considering an elastic registration, the distances 
between Rnew and the surface are significantly higher (p<0.05) 
along the head (P1) and posterior (P2) portions of the ribs, and 
significantly lower along the lateral portion (P3). No 
significant difference is noted along the anterior portion (P4). 
B.  Correlation between ribs axial rotation and back 
surface rotation 
For the correlations between RAR and BSR, we first 
analyzed the correlation for each thoracic level independently 
(TABLE II). The two measurements are significantly 
correlated for the ribs of levels T6 to T11 when taking the 
RAR from Rnew. However, for T5, the small number of 
reconstructions at this level (N=2) do not allow for a 
correlation analysis. For T12, no significant correlation was 
found, probably because the rib reconstructions are less 
accurate at that level, since the T12 ribs are barely visible in 
both radiographs. 
If we now consider all the reconstructions between T5 and 
T11, we note, in the elastic registration case, a Pearson 
 
Fig. 7 - Number of reconstructed rib pairs per thoracic level and per patient. 
Each level of the histogram corresponds to a patient. 
 
Fig. 8 - Comparison of the reconstructed ribs Rnew (black) and Rold (gray), for a 
typical patient, in the frontal plane (a), the sagittal plane (b) and the axial plane 
(c). 
 
 
Fig. 9 – Surface topography and rib cage reconstruction of a patient after 
elastic registration: above, the new reconstructions in blue; below, the old 
reconstructions in red. The transparency views (on the left) illustrate the 
registered spine, rib cage and surface topography. The opaque views (in the 
middle and on the right) represent respectively the anterior and posterior 
views of the trunk. It can be seen that for the old reconstructions, 2 ribs in the 
anterior view and 1 rib in the posterior view (circled in white) protrude from 
the trunk surface. 
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coefficient of 0.64 when considering Rold, compared to 0.82 
when considering Rnew. These values are both statistically 
significant (p<0.01). As for the coefficients of determination, 
they show that, in the case of Rold, 42% of the BSR is 
explained by the RAR, whereas in the case of Rnew, 67% of the 
BSR is explained by the RAR. The data dispersion around the 
trend line is 4.28° for Rold and 2.78° for Rnew. The plots of 
Fig.11 present the correlations obtained for each set of 
reconstructed ribs. The linear regression method gives the 
trend lines equations relating the internal and external rib 
hump. In the rigid registration case, the correlations for both 
reconstructions groups (Rnew and Rold) are weaker, with 
Pearson coefficients of 0.42 for the Rold and 0.55 for the Rnew. 
V. DISCUSSION 
A personalized 3D geometric model of the rib cage is 
essential: firstly, for researchers, to investigate scoliosis 
pathogenesis as well as the relationships between the spinal 
and rib cage deformities, and to incorporate the rib cage in a 
biomechanical model of the trunk used mainly to simulate 
treatments. Secondly, for clinicians, a 3D reconstruction of the 
rib cage would constitute a useful evaluation tool, given the 
fact that ribs axial rotation cannot be quantified in 2D 
radiographs. Furthermore, in several cases, the rib hump 
persists after surgical treatment of scoliosis and a 
thoracoplasty – itself a complex procedure – must sometimes 
be undertaken. For this reason, a complete biomechanical 
model, including both the spine and rib cage and capable of 
simulating different surgery strategies, would be valuable for 
treatment planning and consequently for achieving better 
correction of the deformities. Finally, for patients, mainly for 
those who present a significant rib hump, a better correction of 
this deformity would enhance their treatment satisfaction and 
their quality of life. 
The method proposed in [29] for the 3D reconstruction of 
the rib cage relies on two frontal radiographs, PA and PA20. 
The latter is not a standard view and thus complicates the 
acquisition protocol. Moreover, it increases patient’s exposure 
to ionizing radiations, since, for the reconstruction of both the 
ribcage and the spine, three radiographs are required (PA, 
PA20 and LAT). On the contrary, we proposed in this paper a 
method for the 3D reconstruction of scoliotic ribs that relies 
on the two standard radiographs, PA and LAT, which are also 
used for the 3D reconstruction of the spine. Consequently, it 
does not expose patients to additional radiation dose. 
In addition, the method proposed in [29] makes the 
assumption that the two splines described by the 11 points 
manually identified on the PA and PA20 projection of the 
same rib, correspond to the projections of the same 3D rib 
midline. Due to the manual intervention, this may not be true. 
Thus, an erroneous matching of the midline in both 
radiographs leads to considerable errors in the 3D 
reconstruction process. Our method is using the epipolar 
geometry to perform an automatic matching of the 3 points 
manually identified in the LAT X-ray to their corresponding 
points in the PA which avoid 3D reconstruction errors due to 
manual matching. Moreover, on the LAT, no rib midline is 
imposed at the starting point; it is actually inferred by the rib 
refinement step. 
The overall evaluation study has shown that, an elastic 
registration of the surface of the trunk with the reconstructed 
ribs improves the results over a rigid registration. In fact, 
considering either the Rold or Rnew reconstructions, there are 
fewer protruding ribs and the correlation between the RAR 
and BSR is notably increased. This is explained by the fact 
that the radiographic and topographic acquisitions are not 
simultaneous and the patient does not retain the same posture. 
Thus, for future work involving both the trunk surface and the 
3D reconstructions of the spine and rib cage, we recommend 
the use of an elastic registration method. 
The visual comparison between Rold and Rnew has shown 
that the main differences are located in the sagittal plane, i.e. 
in the depth dimension with respect to the PA view. Indeed, as 
was already noted in [46], the variability of the anatomical 
landmarks reconstructed with the method in [29] is greatest in 
the sagittal plane. This is due to the low disparity between the 
PA and PA20 projections and the initial error of matching. In 
fact, this low disparity makes the 3D reconstruction very 
sensitive to digitization errors. These differences are much 
more notable after merging the surface topography with the rib 
cage reconstructions. The number of protruding rib midlines is 
considerably lower when considering Rnew. 
As for the correlation between the RAR and BSR indices, 
we notice that the correlation is statistically significant 
(p<0.05) for the two sets of reconstructions. However, in the 
case of Rnew, the correlation is stronger and the data dispersion 
around the linear model is much lower, as the widths of the 
confidence intervals illustrated in Fig. 11, especially when 
TABLE I - NUMBER AND LENGTH OF PROTRUSIONS ALONG EACH PORTION OF THE RIBS 
  Rold Rnew 
   Rigid registration Elastic registration Rigid registration Elastic registration 
           N=164 n l n l n l n l 
P1 3 16 2 12 0 0 0 0 
P2 11 184 8 136 0 0 0 0 
P3 5 74 1 22 1 2 1 12 
P4 11 122 4 42 3 36 0 0 
Total 22 396 12 212 3 38 1 12 
(N) Total number of reconstructed ribs  
(n) number of protruding ribs  
(l) length of protrusions expressed in mm 
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considering an elastic registration. This allows us to confirm 
that, when compared to measurements on the external surface 
of the trunk the ribs reconstructed by the proposed method 
provide a better evaluation of the rib hump than the former 
reconstruction method. 
The overall comparative results demonstrate that the three 
dimensional configuration of the reconstructed ribs obtained 
using the method proposed in this article are more consistent 
with the surface topography of the trunk than the 
reconstructions previously obtained by the method proposed in 
[29]. Furthermore, the strong correlation between the new 
RAR and BSR values suggests a reevaluation of the 
relationship between the internal and external scoliotic 
deformities. In fact, previous studies [47, 48] have attempted 
to model the relations between the trunk surface deformity and 
the spinal deformity, considering the Cobb angle as the sole 
indicator of the internal deformity. No strong correlation was 
demonstrated in those studies. However, since the spinal 
deformity propagates to the trunk surface through the rib cage, 
it may be more relevant to incorporate the rib cage in this kind 
of study. 
The method proposed in this article succeeded in 
reconstructing all the ribs that are entirely visible on the LAT 
view, ranging mainly between T6 and T12. The superposition 
of the ribs with other bony structures such as the shoulders and 
arms reduces the visibility of the upper ribs, partially or over 
their whole length. The number of reconstructions per patient 
depends on various factors, like the position of the arms 
during the acquisition. Indeed, the two patients for whom the 
ribs at level T5 were successfully reconstructed had their 
upper arms raised at an angle of more than 90° from the rest 
position. Even though the X-ray acquisition protocol suggests 
a 45° angle, some protocol deviations can occur occasionally. 
Fortunately, those cases happened to be favorable to our study. 
Thus, for the purpose of rib cage 3D reconstruction, we 
recommend that during the X-ray acquisitions patients have 
their upper arms raised at an angle of 90°. However, 
precaution should be taken to avoid involuntary bending of the 
spine. Meanwhile, the radiographic parameters also affect the 
visibility of the ribs; however, their values are limited by the 
risks related to the radiation dose. Better image quality, e.g. 
using the EOS system [49], could increase the visibility of the 
upper ribs in the LAT, and thus allow the reconstruction of 
more levels. Nonetheless, the rib pairs of levels T5 to T12 are 
the most susceptible to present a significant rib hump and are 
thus the most relevant for the evaluation of rib cage 
deformities. 
For ends of comparison with the method previously 
proposed in the literature, we had to select AIS patients for 
whom a PA20 X-ray was also acquired. At our clinic, 
relatively few patients met this specific criterion, considering 
the fact that this non standard radiograph was required only 
for a specific research study aiming at evaluating  a computer-
assisted tool for the design and adjustment of braces [50]. 
Among this cohort of 24 patients, the data of five patients 
were excluded from the study because their LAT image was 
incomplete due to poor positioning during the X-ray 
acquisition. Then, from this pool of patients, we considered 
the data of 13 patients whose radiographs were of satisfactory 
quality. Surgical candidates were not intentionally excluded 
from this study, but the patients meeting our inclusion criteria 
were, according to the protocol of [50], candidate for brace 
treatment. This explains why the mean Cobb angle observed 
in our cohort is only 36°. Nevertheless, in future works, we 
aim at using this 3D reconstruction method for surgical 
candidates, to assess the effects of surgery. 
As the clinical study is retrospective, we had to use the data 
as it is and find a way to determine the left and right ribs from 
X-rays content. The method proposed in this paper for the 3D 
reconstruction of scoliotic ribs relies on the localization of the 
rib hump in order to distinguish the right and left ribs in the 
LAT film. However, for prospective studies, we suggest the 
 
Fig. 10 - Standard deviation and mean distances between the ribs and the 
surface topography along the head (P1), posterior (P2), lateral (P3) and 
anterior (P4) portions of the ribs, and over their whole length (Total). The 
statistically significant differences (p<0.05) between the Rold and Rnew are 
marked by asterisks. 
 
Fig. 11 - Correlation between the back surface rotation (BSR) and the ribs axial 
rotation (RAR). Each point represents a pair of ribs. For each plot, the solid line 
represents the trend line, and the dotted lines represent the 95% confidence 
intervals. 
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use of two different set of radio-opaque markers varying in 
shape that could be placed on the right or on the left sides of 
the back according to their shape. This would bypass the 
problem related to the potential absence of rib hump. Those 
markers could serve at the same time as additional landmarks 
for the registration of the trunk surface with the 3D 
reconstruction of the spine and rib cage. 
Even though the used of an elastic registration reduced the 
number of protruding ribs, one rib among the 164 new 
reconstructions still protrudes from the external surface, 
specifically in its lateral portion. This can be attributed first to 
the accuracy of the surface topography in the lateral regions of 
the trunk which is weaker than in the frontal and posterior 
regions, this being essentially due to the spatial configuration 
of the four InSpeck digitizers and the arms position during the 
acquisition. Moreover, as mentioned in section III.C above, 
the elastic registration between the surface topography and the 
reconstruction of the bony structures is based on a sparse set 
of markers. In that small marker set, only one or two are 
placed on the lateral regions of the trunk, which contributes to 
a less accurate registration in those regions. For better results, 
we recommend using additional markers on these critical 
portions of the trunk. 
It should be mentioned that for a rib not to protrude from 
the surface of the trunk is a necessary but not a sufficient 
condition for the validity of the reconstruction. Thus, it is 
more rigorous to compare the distances between the ribs and 
the surface of the trunk to reference values. Anatomically 
speaking, the local distance d calculated between the rib 
midline and the surface topography spans half the cross-
section of the rib, combined with the thicknesses of the 
muscles, the soft tissues, the adipose tissue and the skin. No 
other similar work has been found in the literature with which 
to compare this particular result. MRI acquisitions could 
potentially be used to validate our results for these distances. 
To avoid compressing the soft tissues of the back, the MRI 
volume should be acquired in the upright position. However, 
to our knowledge, the actual MRI systems that allow this are 
not powerful enough to provide a sufficient resolution for this 
kind of study. 
In clinic, a reasonable time for obtaining the spine and 
ribcage in 3D would be about 30 to 40 minutes after the X-ray 
acquisition. Meanwhile, other clinical exams are performed 
such as the acquisition of the trunk topography of the patient. 
The technique used previously at our hospital for the 3D 
reconstruction of the rib cage, required about 2 hours, since it 
relies on the manual identification of 11 points per ribs in both 
PA and PA-20 radiographs, hence a total of 22 points per rib. 
In fact, the digitization of the ribs in the X-rays constitutes the 
most time-consuming step. In the present study, only 3 points 
per rib are manually identified in the LAT and the same 11 
points per rib in the PA were used only in order to adequately 
compare the two reconstruction methods. Thus, the total 
number of primitives per rib in our method is 14. Furthermore, 
a semi-automatic detection of rib contours [51] in the PA 
(which requires the identification of 4 points per rib), 
combined with an automatic extraction of the rib midlines, 
could reduce the manual intervention to only 7 points per rib 
(3 in the LAT and 4 in the PA). This would, first, increase the 
repeatability of ribs identification step and, second, it would 
reduce the processing time by about two thirds (40 minutes 
approximately), making our method more suitable in a clinical 
setting. 
VI. CONCLUSION 
We have proposed in this article a new method for the 3D 
reconstruction of scoliotic rib midlines, based on two standard 
radiographs in the frontal and lateral planes, commonly 
acquired in the clinical setting at Sainte-Justine Hospital, 
Montreal, Canada. Compared to the reconstruction method 
previously used at our clinic, patients’ exposure to ionizing 
radiation is reduced. The high disparity between the two X-
rays gives more representative reconstructions than those 
obtained with the current method. Although only the inferior 
half of the rib cage is reconstructed with the proposed method, 
it is this portion that is of greatest interest to clinicians because 
it is the most deformed part of the rib cage in scoliotic 
patients. 
Moreover, we have presented an original evaluation method 
using the surface topography as a reference modality. The 
reconstructions obtained using our technique yield a better 
correlation between the ribs axial rotation and the back surface 
rotation. This is a promising finding for the study of the 
relationships between the spinal, rib cage and trunk surface 
deformities in adolescent idiopathic scoliosis. Furthermore, 
TABLE II - RAR-BSR CORRELATION AT EACH THORACIC LEVEL 
Rold Rnew 
Rigid registration Elastic registration Rigid registration Elastic registration 
Ribs level N R R R R 
T5 2 1,00 1,00 1,00 1,00 
T6 6 0,23 0,49 0,86 * 1,00 ** 
T7 10 0,68 * 0,71 * 0,91 ** 0,90 ** 
T8 12 0,37 0,70 * 0,70 * 0,81 ** 
T9 13 0,35 0,64 * 0,55 * 0,75 ** 
T10 13 -0,02 0,40 0,42 0,70 ** 
T11 13 0,69 ** 0,72 ** 0,21 0,73 ** 
T12 13 0,43   -0,06   -0,33   -0,15   
(*) significant correlation (p<0,05)                     (R) Pearson correlation coefficient 
(**) significant correlation (p<0,01)                   (N) Number of reconstructed ribs pairs 
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this new reconstruction technique has the potential to help 
clinicians to better understand the nature of the rib hump and 
thereby to incorporate the rib cage more effectively in the 
treatment of scoliosis. 
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